Abstract This article presents a combined experimental and computational study of Ru(II) complex containing 2,5-pyridinedicarboxylic acid ligand. The novel complex [Ru(py-2,5-COOH) 2 (PPh 3 ) 2 ]Á3H 2 O has been obtained in the reaction of [RuCl 2 (PPh 3 ) 3 ] with 2,5-pyridinedicarboxylic acid in methanol and has been studied by IR, 1 H, 31 P NMR, UV-Vis spectroscopy, and X-ray crystallography. The electronic structure of [Ru(py-2,5-COOH) 2 (PPh 3 ) 2 ] has been calculated with the density functional theory (DFT) method. The spin-allowed electronic transitions of the complex have been calculated with the time-dependent DFT method, and the UV-Vis spectrum has been discussed on this basis and rationalized by determination of ligand field splitting (10Dq) and Racah's parameters from the experimental spectrum. The luminescence property of the complex has been examined.
Introduction
The coordination chemistry of ruthenium is a field of current growing interest from various viewpoints. The attention of scientists concentrates on synthetic aspects, structural, physicochemical properties, and reactivity. The pyridine derivative ligands have energetically low lying p-antibonding orbitals, which can accept electrons from filled d orbitals of metal atoms. In consequence, they can exhibit charge transfer bands with interesting spectroscopic properties in the visible region [1] . Ligands containing pyridine ring are wide studied and their p-donor properties are interesting. Their combination with other donor atoms should in principle afford complexes with tunable spectroscopic properties [2] . Furthermore, phosphine ruthenium(II) complexes with N-donor ligands are still of interest for their potential applications as well biological activity [3] [4] [5] [6] [7] [8] [9] .
The azine ligands have energetically low lying p-antibonding orbitals, which can accept electrons from filled metal d orbitals. In consequence, they can exhibit charge transfer bands with interesting spectroscopic properties in the visible region [1] . Ligands containing pyridine ring are wide studied and their p-donor properties are interesting. Its combination with other donor atoms should in principle afford complexes with tunable spectroscopic properties [2, 10, 11] .
Hence, synthesis and spectral characterization of new ruthenium complexes containing triphenylphosphine are of great importance. Earlier was published the complex with 2,3-pyridine dicarboxylic acid ligand in which triphenylphosphine ligands were in trans position [12] .
In this communication, the 2,5-pyridinedicarboxylic acid was used as ligand, and in the obtained complex, ligands (PPh 3 , py-2,5-COOH) were in cis positions. The quantum chemical study included a characterization of the molecular and electronic structures of the complex by analysis of optimized molecular geometries, electronic populations using the natural bond orbitals scheme. The latter was used to identify the nature of the interactions between the ligands and the central ion. The calculated density-of-states (DOS) showed the interactions and influences the orbital composition in the frontier electronic structure. The time-dependent density functional theory (TD-DFT) was finally used to calculate the electronic absorption spectra. Based on a molecular orbital scheme, these results allowed the interpretation of the UV-Vis spectra obtained at an experimental level. The complex reported in this article combines the interest in ruthenium phosphine coordination compounds and complexes containing pyridine derivative ligands [13] [14] [15] [16] [17] [18] [19] .
Experimental
All other reagents were commercially available and were used without further purification. 
Physical measurements
Infrared spectrum was Perkin Elmer FT-IR spectrophotometer in the spectral range 4000-450 cm -1 with the sample in the form of KBr pellet. Electronic spectrum was measured on a Lab Alliance UV-Vis 8500 spectrophotometer in the range of 600-180 nm in methanol solution. 1 H and 31 P NMR spectra were obtained at room temperature in CDCl 3 using a Bruker 400 spectrometer. Luminescence measurement was made in methanolic solutions on an F-2500 FL spectrophotometer at room temperature.
DFT calculations
The calculations were carried out using the Gaussian09 [20] program. The DFT/B3LYP [21] method was used for the geometry optimization and electronic structure determination, and electronic spectra were calculated by the TD-DFT [22] method. The calculations were performed using a DZVP basis set [23] with f functions having exponents of 1.94722036 and 0.748930908 for ruthenium atom, and polarization functions for all other atoms: 6-31 g**-carbon, nitrogen and 6-31 g-hydrogen.
The PCM (polarizable continuum model) solvent model [24] was used in the Gaussian calculations with methanol as the solvent. The contribution of a group to a molecular orbital was calculated using Mulliken population analysis. GaussSum 2.2 [25] was used to calculate group contributions to molecular orbitals and to prepare partial DOS spectra. The DOS spectra were created by convoluting the molecular orbital information with Gaussian curves of unit height and FWHM (Full Width at Half Maximum) of 0.3 eV.
Crystal structure determination and refinement X-ray intensity data were collected with graphite monochromated Mo K a radiation at temperature of 150.0(2)K, with x scan mode. Lorentz, polarization, and empirical absorption correction using spherical harmonics implemented in SCALE3 ABSPACK scaling algorithm [CrysAlis RED, Oxford Diffraction Ltd., Version 1.171.29.2] were applied. The structure was solved by the Patterson method and subsequently completed by the difference Fourier recycling. All the non-hydrogen atoms were refined anisotropically using full-matrix, least-squares technique. All the hydrogen atoms were found from difference Fourier synthesis after four cycles of anisotropic refinement, and refined as ''riding'' on the adjacent carbon atom with individual isotropic temperature factor equal 1.2 times the value of equivalent temperature factor of the parent atom. The Olex2 [26] and SHELXS97, SHELXL97 [27] programs were used for all the calculations. Details concerning crystal data and refinement are gathered in Table 1 .
Results and discussion
The complex was synthesized by a simple reaction between [RuCl 2 (PPh 3 ) 3 ] and chemically twofold quantities of the ligand in refluxed methanolic solution. In the IR spectrum of the complex, the m(C-O) bands are found decreased scientifically compared to the free ligand and appeared in the 1594 and 1352-1274 cm -1 regions corresponding to the m as (C-O) and m s (CO) modes of the coordinated carboxylate moiety. This considerable difference between m as and m s is indicative of strong coordination of the carboxylate oxygen to the ruthenium(II) acceptor center. The presence of a band at the 1715 cm -1 indicates the carboxylic group not involved in coordination.
The complex crystallises in monoclinic P2 1 /n space group in solvated form by three water molecules. Figure 1 presents the molecular structure of the complex, and the selected bond distances and angles are collected in Table 2 .
The structure can be can be considered as a distorted octahedral with the largest deviation from the expected 90°b ond angles coming from the bite angle of 2,5-pyridinedicarboxylic acid. It equals to 78.16(9)°and 78.44 (9) In the structure, several weak inter-and intramolecular hydrogen bonds exist [28] collected in Table 3 . The crystal packing with some of hydrogen bonds are presented on the Fig. 2 . In the structure of the complex, some electronic interactions (p-p stacking) between PPh 3 phenyl and pyridine dicarboxylic acid ring is visible. Figure 3 presents the alignment of centroids formed by pyridine and phosphine phenyl rings. The plane-to-plane distance between the #Ph(P) centroid, determined by C(33) to C(38) carbons, and pyridine ring is equal to 3.345 Å , and the angle between the between normal to #Ph(P) and #py is 9.97°i ndicating p-p stacking interaction.
To obtain an insight in the electronic structures and bonding properties of the complex, calculations using the density functional theory (DFT) method with the B3LYP functional of GAUSSIAN-09 were carried out. Before the calculations, their geometries were optimized in singlet states using the DFT method with the B3LYP functional. In general, the predicted bond lengths and angles are in a good agreement with the values based on the X-ray crystal structure data, and the general trends observed in the experimental data are well reproduced in the calculations. The stabilization energies calculated in NBO [29] analysis have shown that the 2,5-pyridinedicarboxylic ligands donate the charge to ruthenium, and the stabilization energy is 353.70 kcal/mol, while the back donation is (Ru ? py-2,5-COOH) 76.02 kcal/mol. The data suggest that the donation from ligands to d Ru orbitals plays a role in the electronic structure of the complex which can be seen in the natural atomic charge on the ruthenium central ion in the complex is -0.025. (5) 156 (5) Symmetry transformations used to generate equivalent atoms: In the frontier region, neighboring orbitals may be a quasidegeneracy of the energetic levels, and taking into consideration only the HOMO and LUMO may not yield a realistic description of the frontier orbitals. For this reason, the DOS and overlap population density-of-states (OPDOS) in terms of Mulliken population analysis were calculated using the GaussSum program. They provide a pictorial representation of MOs compositions and their contributions to chemical bonding. The DOS and OPDOS diagrams are shown in Fig. 4 , and they may enable us to ascertain the bonding, nonbonding, and antibonding characteristics with respect to the particular fragments. A positive value in OPDOS plots means a bonding interaction, while a negative value represents antibonding interaction, and a near zero value indicates a non-bonding interaction. From the DOS plot of the complex, one can see that the d Ru orbitals play significant role in frontier HOMO orbitals with contribution of pyridine derivatives ligands. The frontier LUMOs are localized on the py-2,5-COOH ligands and in the higher virtual orbitals (LUMO ? 4 to LUMO ? 7) participate the d orbitals of ruthenium central ion. The interaction of ruthenium d orbitals with py-2,5-COOH ligands causes noticeable increases in energy levels of highest HOMO orbitals, which is reflected in the fact that the presence of PPh 3 is visible at lower occupied orbitals (HOMO-4) . Additionally, the change in energy levels of molecular orbitals refers to luminescent properties of the complex. On the OPDOS plot (inset in Fig. 4) , the antibonding interaction between py-2,5-COOH ligands and ruthenium(II) central ion in the frontier HOMO and LUMO orbitals is visible. The values of the interaction and mentioned earlier stabilization energies indicate the ligand as a strong r-donor and medium p-acceptor.
Based on the pseudo-octahedral geometry of the studied complexes and taking into account the d-d transitions assigned [30] pointing covalent character of the bonds between ruthenium and 2,5-pyridinedicarboxylic acid (Ru-N 0.8, Ru-O 0.9, Ru-P 1.6).
The electronic spectrum of the complex was calculated with the TDDFT method with methanol as solvent in the PCM. The longest wavelength experimental band (444 nm Summarizing, new ruthenium(II) complex with pyridine dicarboxylic acid ligands has been synthesized. The molecular structure of the complex is determined by X-ray, and the spectroscopic properties as infrared, 1 H, 31 P NMR spectra were studied. Based on the crystal structures, the computational studies were carried out in order to 
Supplementary data
Supplementary data for C 50 H 38 N 2 O 8 P 2 RuÁ3(H 2 O) is available from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK on request, quoting the deposition number 817684.
